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PREFACE 
The study considers three limiting scenarios that specify 
possible but not necessarily likely transitions to sustainable 
energy futures for Western Europe. Two scenarios consider ex- 
clusively solar futures--one based on centralized solar technol- 
ogies (Hard scenario) and the other on decentralized, user- 
oriented technologies (Soft scenario). The third scenario, 
based on nuclear technologies, incorporates an intermediate 
degree of centralization in the energy system and serves as a 
comparison to the two exclusively solar scenarios. All three 
scenarios lead to sustainable energy futures before the year 
2100, which is the time horizon of the study. While all three 
scenarios eliminate Western Europe's dependence on domestic and 
foreign fossil energy sources, the Hard Solar scenario requires 
substantial imports of solar produced hydrogen. 
The scenarios are based on dynamic balances of energy de- 
mand and supply using detailed models to achieve consistency. 
The overall implications of each scenario are that fundamental 
changes of the whole energy system, economic structure and 
life-styles are necessary in order to achieve sustainable 
energy futures in Western Europe. The nature of the changes 
is different in each scenario. 
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SOLAR ENERGY FUTURES I N  A WESTERN EUROPEAN CONTEXT 
E x e c u t i v e  Summary 
INTRODUCTION 
The o b j e c t i v e  of  t h i s  s t u d y ,  conducted  under  t h e  sponsor -  
s h i p  o f  t h e  Bundesminis ter ium f i i r  Forschung und Techno log ie  
(BMFT) of  t h e  FRG, i s  t o  i n v e s t i g a t e  p o s s i b l e ,  though n o t  
n e c e s s a r i l y  p r o b a b l e ,  t r a n s i t i o n  p a t h s  t o  a  s u s t a i n a b l e  ene rgy  
f u t u r e  f o r  Western Europe. The a n a l y s i s  i s  based  on t h r e e  
s c e n a r i o s  t h a t  dynamica l ly  b a l a n c e  energy  demand and s u p p l y  
u s i n g  d e t a i l e d  models t o  a c h i e v e  c o n s i s t e n c y .  Two s c e n a r i o s  
c o n s i d e r  e x c l u s i v e l y  s o l a r  fu tu res - -one  i s  based  on c e n t r a l i z e d  
s o l a r  t e c h n o l o g i e s  (Hard S o l a r  s c e n a r i o )  and t h e  o t h e r  on  de- 
c e n t r a l i z e d ,  u s e r - o r i e n t e d  t e c h n o l o g i e s  ( S o f t  S o l a r  s c e n a r i o ) .  
The t h i r d  s c e n a r i o ,  b a s e d  on n u c l e a r  t e c h n o l o g i e s ,  i n c o r p o r a t e s  
an i n t e r m e d i a t e  d e g r e e  o f  c e n t r a l i z a t i o n  i n  t h e  energy  sys tem 
and s e r v e s  a s  a  comparison t o  t h e  two e x c l u s i v e l y  s o l a r  s c e n a r i o s .  
By t h e  t e r m  s u s t a i n a b l e  ene rgy  f u t u r e  w e  mean t h a t  c o n t i n u e d  
energy  s u p p l y  i s  a s s u r e d  from p r a c t i c a l l y  i n f i n i t e  ene rgy  s o u r c e s ,  
and n o t  n e c e s s a r i l y  t h a t  impor t  independence i s  a c h i e v e d ,  a l -  
though it may b e  d e s i r a b l e .  I n  any c a s e  it i m p l i e s  a  t r a n s i t i o n  
away from domes t i c  and impor ted  f o s s i l  ene rgy  s o u r c e s .  While 
a l l  t h r e e  s c e n a r i o s  l e a d  t o  s u s t a i n a b l e  ene rgy  f u t u r e s  b e f o r e  
t h e  y e a r  2100, which i s  t h e  t i m e  h o r i z o n  of  t h e  s t u d y ,  t h e  Hard 
S o l a r  s c e n a r i o  r e q u i r e s  s u b s t a n t i a l  i m p o r t s  o f  s o l a r  produced 
hydrogen.  I n  a d d i t i o n  a l l  t h r e e  s c e n a r i o s  r e q u i r e  f o s s i l  ene rgy  
i m p o r t s  d u r i n g  t h e  t r a n s i t i o n  p e r i o d  b e f o r e  t h e  s u s t a i n a b l e  
ene rgy  sys tems a r e  f u l l y  implemented. The o v e r a l l  i m p l i c a t i o n s  
of each s c e n a r i o  a r e  t h a t  fundamenta l  changes  of t h e  whole 
energy  sys tem,  economic s t r u c t u r e  and l i f e - s t y l e s  a r e  n e c e s s a r y  
i n  o r d e r  t o  a c h i e v e  s u s t a i n a b l e  ene rgy  f u t u r e s  i n  Western Europe. 
However, t h e  n a t u r e  of t h e  changes  i s  d i f f e r e n t  i n  each  s c e n a r i o .  
THE TEMPORAL SCOPE 
T h i s  s t u d y  was conducted ,  among o t h e r  r e a s o n s ,  because  t h e  
IIASA Global  Study (Energy Systems Program Group, 1981) showed 
t h a t  s u s t a i n a b l e  energy  sys tems cou ld  n o t  be ach ieved  by 2030, 
b u t  a l s o  showed t h a t  such systems a r e  r e q u i r e d  i n  o r d e r  t o  a s s u r e  
improvements and avo id  s t a g n a t i o n  i n  human w e l f a r e  d u r i n g  t h e  
nex t  c e n t u r y .  I n  o r d e r  t o  a s s u r e  con t i nued  economic growth one 
of t h e  p r e r e q u i s i t e s  is  t h e  a v a i l a b i l i t y  of  energy .  For Western 
Europe, a s  a  developed r e g i o n  w i t h  l i t t l e  endogenous f o s s i l  r e -  
s o u r c e s ,  t h i s  i m p l i e s  a  t r a n s i t i o n  t o  a l t e r n a t i v e  energy s o u r c e s  
such a s  n u c l e a r ,  s o l a r  and renewable energy .  Thus, i n  o r d e r  t o  
a l l o w  f o r  enough t i m e  t o  complete t h e  t r a n s i t i o n  away from 
f o s s i l  energy s o u r c e s ,  t h e  t empora l  frame of  t h e  s t u d y  i s  
l onge r  t h a n  100 y e a r s ,  o r  more t h a n  t w i c e  a s  l o n g  a s  t h a t  of  
t h e  Global  Study.  T h i s  i s  a  ve ry  l o n g  t i m e  p e r i o d ,  b u t  enough 
t i m e  must p a s s  t o  pe rmi t  t h e  fundamental  i n f r a s t r u c t u r a l  changes  
t h a t  a r e  r e q u i r e d  i n  t h e  s c e n a r i o s .  
THE SPATIAL SCOPE 
I n  t h i s  s t u d y ,  Western Europe r e f e r s  t o  c o n t i n e n t a l  Europe 
o u t s i d e  t h e  COMECON c o u n t r i e s  and A s i a  Minor. I t  i n c l u d e s  t h e  
12 member c o u n t r i e s  o f  t h e  European Community and i n  a d d i t i o n  
A u s t r i a ,  F i n l a n d ,  Norway, Sweden, S w i t z e r l a n d ,  Turkey and 
Yugoslavia .  C l e a r l y ,  Western Europe i s  n o t  a n  e n t i r e l y  homo- 
geneous e n t i t y ,  v a r i o u s  c o u n t r i e s  have d i f f e r e n t  r e s o u r c e  
ba s e s  ( i n c l u d i n g  a  l a r g e  v a r i a t i o n  of s o l a r  i n s o l a t i o n  between 
t h e  North and t h e  S o u t h ) ,  economic and p o l i t i c a l  sys tems ,  
i n d u s t r i a l  s t r u c t u r e s ,  and d i f f e r e n t  l e v e l s  of  development.  
I n  o r d e r  t o  accoun t  f o r  some of  t h e s e  d i f f e r e n c e s  between t h e  
v a r i o u s  p a r t s  of  Western Europe,  t h e  c o u n t r i e s  w e r e  grouped 
i n t o  t h r e e  more homogeneous a r e a s  which a r e  l a b e l e d  Nor th ,  
C e n t r a l  and South  Europe,  shown i n  F igu re  1 .  
T h i s  g roup ing  improves t h e  homogeneity e s p e c i a l l y  w i t h  
r e s p e c t  t o  s o l a r  i n s o l a t i o n  and c l i m a t e ,  b u t  a l s o  t o  a  lesser 
e x t e n t  w i t h  r e s p e c t  t o  economic development and p o p u l a t i o n  
growth.  
BASIC ASSUMPTIONS 
The f u t u r e  energy ou t l ook  f o r  Western Europe depends on a  
m u l t i t u d e  of i n t e r d e p e n d e n t  f ac to r s - -mos t  impor t an t  among t h e s e  
a r e  t h e  econmic development and p o p u l a t i o n  growth.  T h e r e f o r e ,  
t h e  f u t u r e  e c o l u t i o n  of Gross Domestic Produc t  (GDP) and popula-  
t i o n  a r e  t h e  two b a s i c  assumpt ions  i n  t h e  s c e n a r i o s .  The popula-  
t i o n  e v o l u t i o n  is  based  on p r o j e c t i o n s  developed by Key f i t z  
(1979) and shown i n  F i g u r e  2 which i n d i c a t e s  t h a t  Western Europe 
would r e a c h  a  s t a b l e  p o p u l a t i o n  of 570 m i l l i o n  peop le  by t h e  end 
o f  t h e  nex t  c e n t u r y .  During t h i s  p e r i o d  of  over  100 y e a r s ,  South 
Europe would i n c r e a s e  i t s  s h a r e  i n  Western European p o p u l a t i o n  
from 55 p e r c e n t  i n  1975 t o  63 p e r c e n t  wh i l e  t h e  s h a r e s  o f  North 
and C e n t r a l  Europe would d e c l i n e  from 6  t o  4 p e r c e n t  and from 
39 t o  33 p e r c e n t ,  r e s p e c t i v e l y .  
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Figu re  1 .  Western Europe. 
The p r o j e c t i o n  of  t h e  GDP e v o l u t i o n  i n  t h e  s c e n a r i o s  is  
based on t h e  GDP growth i n  t h e  Low s c e n a r i o  o f  t h e  I I A S A  Global  
Study.  F igure  3 shows t h e  GDP e v o l u t i o n  i n  Western Europe. 
The growth r a t e s  are t h e  h i g h e s t  i n  South Europe and r e f l e c t  a  
r e d u c t i o n  o f  t h e  d i f f e r e n c e s  i n  economic development w i t h i n  
Western Europe. The GDP p r o j e c t i o n  imp l i e s  an  average  1 . 6  
p e r c e n t  p e r  yea r  growth ra te ,  which may appear  t o  be  a  low 
f i g u r e .  However, t h i s  growth r a t e  shou ld  be viewed a s  a  
s u s t a i n a b l e  long-term t r e n d ,  and should  be  compared w i th  a  
much lower popu la t i on  growth r a t e  o f  0 .3  p e r c e n t  p e r  y e a r .  
On t h e  average  it l e a d s  t o  more t h a n  a  f i v e - f o l d  i n c r e a s e  i n  
GDP p e r  c a p i t a  l e v e l s  by t h e  end of  t h e  n e x t  c e n t u r y .  
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Figure 2. Population projection. 
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THE ANALYTICAL APPROACH 
The assessment  of  t h e  energy ou t look  f o r  Western Europe 
over  a  t i m e  p e r i o d  of  more t h a n  100 y e a r s  i s  t o  some degree  
s p e c u l a t i v e  s i n c e  a  complete ly  comprehensive s t udy  of t h e  
f u t u r e  i s  imposs ib le .  Th i s  i s  t h e  r ea son  f o r  t h e  cho i ce  of  
a  s c e n a r i o  approach t h a t  o u t l i n e s  t h e  s t r u c t u r e s  and p a t t e r n s  
of  o u r  image of  c o n s i s t e n t  f u t u r e s .  Perhaps  t h e  two most 
impor tan t  q u a l i t a t i v e  assumpt ions  behind t h e  f e a s i b i l i t y  and 
c o n s i s t e n c y  of  t h e  t h r e e  s u s t a i n a b l e  s c e n a r i o s  a r e  t h a t  w e  
cons ide r  on ly  a  s u r p r i s e - f r e e  f u t u r e  and assume a  l a r g e  deg ree  
o f  coope ra t i on  w i t h i n  Western Europe and i n  t h e  world .  
The s c e n a r i o s  shou ld  be viewed a s  a  c o n s i s t e n t  framework 
f o r  e x p l i c i t l y  a n a l y z i n g  t h e  consequences of t h e  assumpt ions  
made. A l l  q u a n t i t a t i v e  assumpt ions ,  t h e  consequent  a n a l y s i s ,  
and t h e  r e s u l t s ,  shou ld  b e  seen  a s  means o f  d e s c r i b i n g  q u a l i -  
t a t i v e  f e a t u r e s .  Each s c e n a r i o  r e s u l t s  i n  a  q u a n t i t a t i v e  energy 
ba l ance  throughout  t h e  energy system i n  meet ing energy demands, 
however t h e  s i g n i f i c a n c e  of  t h e  p r e c i s e  numerical  r e s u l t s  i s  
mainly impor tan t  a s  a  gua ran t ee  f o r  c o n s i s t e n c y .  
The t h r e e  s c e n a r i o s  a r e  fo rmula ted  s o  a s  t o  p rov ide  t h r e e  
extreme a l t e r n a t i v e s  f o r  a ch i ev ing  a  s u s t a i n a b l e  energy f u t u r e  
i n  Western Europe. A l l  t h r e e  a r e  based on p r a c t i c a l l y  i n f i n i t e  
energy sou rce s - - so l a r  i n s o l a t i o n ,  n u c l e a r  energy i n  con junc t i on  
w i th  b r eed ing ,  and renewable energy forms.  Two a r e  based p r i -  
ma r i l y  on s o l a r  energy;  t h e  S o f t  s c e n a r i o  r e l i e s  most ly  on l o c a l  
s o l a r  energy w i th  few ave rage  t r a n s p o r t  needs w h i l e  t h e  Hard 
rel ies on remote s o l a r  g e n e r a t i o n  w i th  ve ry  l a r g e  t r a n s p o r t  needs .  
The Nuclear  s c e n a r i o  f a l l s  somewhere i n  t h e  middle ground w i t h  a  
mixture  of  energy g e n e r a t i o n  c l o s e r  and f u r t h e r  away from t h e  
u s e r .  The t h r e e  s c e n a r i o s  o u t l i n e  t h e  l i m i t s  t o  what i s  f e a s i b l e  
from t h e  viewpoint  o f  t h e  whole energy s y s t e m ' s  c o n f i g u r a t i o n .  
F e a s i b i l i t y  c o n s t r a i n t s  such a s  t h e s e  a r e  u s u a l l y  more s t r i n g e n t  
t han  m e r e  r e s o u r c e  l i m i t s  i n  t h a t  t h e y  r e q u i r e  c o n s i s t e n c y  
th roughout  t h e  e n t i r e  system from primary energy through v a r i o u s  
forms of energy conve r s ion ,  t r a n s p o r t  and d i s t r i b u t i o n  s t a g e s  
a l l  t h e  way t o  u s e f u l  ene rgy .  They a l s o  i n v o l v e  c o s t  minimiza- 
t i o n  of t h e  whole sys tem under  t h e  c o n s t r a i n t s  of bu i ld -up  r a t e s  
o f  new t e c h n o l o g i e s  i n  a d d i t i o n  t o  r e s o u r c e  c o n s t r a i n t s .  They 
a r e  c o n s t r u c t s  des igned  t o  ana lyze  t h e  l i m i t i n g  f a c t o r s  when 
one p a r t i c u l a r  s u s t a i n a b l e  energy o p t i o n  i s  u t i l i z e d  t o  t h e  
l a r g e s t  e x t e n t  p o s s i b l e .  Toge ther ,  t hey  t e s t  t h e  ext remes of 
p h y s i c a l l y  p o s s i b l e ,  y e t  s t i l l  i n t e r n a l l y  c o n s i s t e n t ,  s u s t a i n -  
a b l e  energy sys tems.  Being t h e  ext remes of  conce ivab l e  energy 
f u t u r e s ,  t h e s e  s c e n a r i o s  a r e  no t  ve ry  r o b u s t .  I n t e rdependenc i e s  
a r e  ve ry  s e v e r e ,  and t h e y  o f f e r  h a r d l y  any f a l l - b a c k  p o s i t i o n s .  
I n  a  s e n s e  t h e y  a l s o  do n o t  a l low f o r  r e v e r s i b l e  dec i s ions - -  
each r e q u i r e s  an  a l l - o u t  e f f o r t  t o  be  implemented. Thus a  prob- 
a b l e  s u s t a i n a b l e  energy f u t u r e  f o r  Western Europe would i n c l u d e  
a  mix ture  from such extreme a l t e r n a t i v e s ,  and t h u s  o f f e r  more 
r e s i l i e n c e  and more f a l l - b a c k  o p t i o n s  i f  some of t h e  c r u c i a l  
assumpt ions  shou ld  n o t  be f u l f i l l e d .  The re fo re ,  a l t hough  t h e s e  
t h r e e  extreme s c e n a r i o s  do n o t  r e p r e s e n t  l i k e l y  o r  even probab le  
f u t u r e s ,  t o g e t h e r  t h e y  i d e n t i f y  a  r e g i o n  o f  f e a s i b i l i t y  w i t h i n  
which more l i k e l y  and more r e a l i s t i c  s u s t a i n a b l e  energy  f u t u r e s  ' 
f o r  Western Europe cou ld  be  found. Any f u t u r e  t h a t  i s  between 
t h e s e  t h r e e  ext reme p o s s i b i l i t i e s  cou ld  be  viewed a s  a c h i e v a b l e .  
Thus, a l t hough  t h e  assessment  of t h e  f u t u r e  i s  imposs ib l e ,  t h e  
s c e n a r i o s  d e l i m i t  t h e  p o s s i b i l i t i e s  a g a i n s t  t h e  background of 
our  assumpt ions .  
ENERGY DEMAND AND USE 
Two sets of  assumpt ions  w e r e  used t o  r e s u l t  i n  two d i f f e r e n t  
energy  demand p r o j e c t i o n s ,  a  Higher and a Lower one ,  bo th  of them 
based on t h e  same p o p u l a t i o n  and GDP p r o j e c t i o n s  d e s c r i b e d  above.  
The l a r g e  d i f f e r e n c e s  between t h e  two a r e  due t o  d i f f e r e n t  l i f e -  
s t y l e  changes and energy u s e  e f f i c i e n c y  improvements. Tha t  i s ,  
d i f f e r e n t  energy  demand p a t t e r n s  and l e v e l s ,  a t  t h e  same G D P ,  
a r e  p o s s i b l e  s i n c e  t h e  GDP index  w i l l  a c t u a l l y  measure d i f f e r e n t  
t h i n g s  a s  t h e  economic s t r u c t u r e  and l i f e - s t y l e s  change ove r  
t i m e .  The t y p i c a l  b a s k e t  of  goods a s s o c i a t e d  w i th  t h e  Lower 
demand p r o j e c t i o n  w i l l  be  d i f f e r e n t  from t h a t  o f  t h e  Higher 
demand. These d i f f e r e n t  m a t e r i a l  needs a s s o c i a t e d  w i t h  t h e  
same GDP ( i . e .  economic a c t i v i t y )  l e v e l  a r e  a s s e s s e d  i n  t h e  
MEDEE-2 model i n  p h y s i c a l  terms and,  i n  c o n j u n c t i o n  w i t h  energy  
u s e  e f f i c i e n c y  improvements and l i f e - s t y l e  changes ,  r e s u l t  i n  
s p e c i f i c  demands f o r  energy .  
Here it i s  c r u c i a l  t o  d i s t i n g u i s h  between d i f f e r e n t  forms 
o f  energy ,  p a r t i c u l a r l y  between pr imary and f i n a l  energy .  The 
former r e f e r s  on ly  t o  t h e  r e s o u r c e  consumption such a s  f o s s i l  
f u e l s  o r  n a t u r a l  uranium, t h e  l a t t e r  t o  energy forms t h a t  a r e  
d i r e c t l y  demanded, such a s  g a s o l i n e  o r  e l e c t r i c i t y .  Between 
t h e s e  two forms o f  energy  a r e  t h e  v a r i o u s  p a r t s  of t h e  energy  
system: energy  conve r s ion ,  t r a n s p o r t  and d i s t r i b u t i o n .  The 
f i n a l  energy t h a t  i s  a p p l i e d  t o  a c t u a l  end u s e s  r e s u l t s  i n  
u s e f u l  energy ,  e . g .  low t empe ra tu r e  h e a t  f o r  space  c o n d i t i o n i n g  
o r  g a s o l i n e  f o r  motor c a r  p r o p u l s i o n .  U l t i m a t e l y ,  u s e f u l  
energy r e s u l t s  i n  energy s e r v i c e s ,  e . g .  a  w e l l  h e a t e d  room 
o r  pe rson-k i lomete r s  t r a v e l l e d  by c a r .  
The energy  demand l e v e l s  a r e  a s s e s s e d  i n  t h e  MEDEE-2 model 
f o r  a l l  s e c t o r s  of  t h e  economy, e . g .  i n d u s t r y ,  t r a n s p o r t ,  house- 
h o l d s  and s e r v i c e s ,  and w i t h i n  each s e c t o r  by demand c a t e g o r y .  
For t h o s e  demand c a t e g o r i e s  where a  number of  f i n a l  energy  forms 
( u s u a l l y  each w i t h  a  d i f f e r e n t  e f f i c i e n c y )  cou ld  p rov ide  a g iven  
s e r v i c e  t h e  demand l e v e l s  a r e  s p e c i f i e d  i n  t e r m s  of t h e  r e q u i r e d  
u s e f u l  energy o r  energy  s e r v i c e s .  Where o n l y  one s p e c i f i e d  form 
of f i n a l  energy can  p rov ide  t h e  s e r v i c e ,  t h e  demand l e v e l s  a r e  
s p e c i f i e d  i n  t e r m s  of  f i n a l  energy ,  e . g .  hydrocarbons  f o r  f eed-  
s t o c k s  i n  chemical  i n d u s t r y .  The energy supp ly  model MESSAGE I1 
t h e n  d e t e rmines  t h e  s t r u c t u r e  o f  a n  energy supp ly  sys tem t h a t  i s  
c a p a b l e  of p r o v i d i n g  t h e  demanded energy acco rd ing  t o  each  spe-  
c i f i c  u se .  The energy sys tem c o n f i g u r a t i o n  i s  s p e c i f i e d  by 
MESSAGE I1 s o  a s  t o  p rov ide  a c o s t  minimal energy mix t h a t  meets 
demands under t h e  c o n s t r a i n t s  of  maximal bu i ld -up  r a t e s  f o r  
t e c h n o l o g i e s  and r e s o u r c e  c o n s t r a i n t s .  Thus, t h e  dynamic 
ba l anc ing  of  energy demand and supply  i n  each s c e n a r i o  can be 
d iv ided  i n t o  two p a r t s :  F i r s t ,  t h e  assessment  of  energy demand 
l e v e l  and t h e  a s s o c i a t e d  a c t i v i t i e s  i n  t h e  whole economy; second,  
t h e  s t r u c t u r e  of  t h e  energy system capab l e  of  d e l i v e r i n g  t h e  
demanded energy t o  t h e  consumer. 
S t a r t i n g  from t h e  energy system l e v e l  c l o s e s t  t o  t h e  con- 
sumer, t h e  f i r s t  energy ba l ance  t h a t  ha s  t o  be f u l f i l l e d  i s  
t h a t  t h e  d e l i v e r e d  f i n a l  energy must m e e t  t h e  demanded energy 
u se s .  Table  1 shows such a f i n a l  energy ba l ance  i n  Western 
Europe f o r  t h e  ba se  y e a r  of t h e  s t u d y ,  1 9 7 5 ,  and t h e  f i n a l  
energy ba l ances  of t h e  Hard and S o f t  S o l a r  s c e n a r i o s  i n  t h e  
y e a r  2100 .  
T a b l e  1A. F i n a l  Energy  by  Form a n d  Use, Base  Year 1975 (GWyr/yr) 
F i n a l  Energy  U s e  
F i n a l  Thermal  Feed- Motor E l e c -  
Energy  Form Low High  Coke s t o c k s  F u e l s  t r i c i t y  T o t a l  
C o a l  48.7 28.8 43.5 121.0 
O i l  P r o d u c t s  335.9 52.6 81.2 239.9 709.6 
N a t u r a l  Gas 109.1 86.7 195.8 
E l e c t r i c i t y  141 - 2  141.2 
Biomass 26.4 26.4 
T o t a l  520.1 168.1 43.5 81.2 239.9 141.2 1194.0 
T a b l e  1B. F i n a l  Energy  by  Form a n d  Use, Hard S o l a r  S c e n a r i o ,  2100 (GWyr/yr) 
F i n a l  Enerqy  Use 
F i n a l  Therma 1 S t e e l  Feed- Motor E l e c -  
Energy  Form Low High  P r o d u c t i o n  s t o c k s  F u e l s  t r i c i t y  T o t a l  
C o a l  2 .O 2.0 
E l e c t r i c i t y  68.2 31.6 644.0 743.8 
Biomass 87.9 87.9 
Methanol  518.0 518.0 
Hydrogen 689.6 315.0 59.9 390.2 1454.7 
T o t a l  845.7 315.0 61.9 518.0 421.8 644.0 2806.4 
T a b l e  1C.  F i n a l  Energy by Form a n d  U s e ,  S o f t  S o l a r  S c e n a r i o ,  2100 (GWyr/yr) 
F i n a l  Energy  Use 
S t e e l  Co- 
F i n a l  Thermal  Pro-  Feed- Motor E l e c -  g e n e r a -  
Energy  Form Low High d u c t i o n  s t o c k s  F u e l s  t r i c i t y  t i o n  T o t a l  
Coa 1 1 .O 1 .O 
E l e c t r i c i t y  16.1 50.6 20.9 160.1 247.7 
Biomass 13.8 96.2 110.0 
Methanol  216.3 216.3 
Hydrogen 1.7 31.2 173.5 206.4 
District  Heat 34.4 34.4 
On-Si te  344.7 70.5 156.5 571.7 
T o t a l  409.0 122.8 32.2 216.3 194.4 316.6 96.2 1387.5 
The f i r s t  t h i n g  t o  obse rve  i s  t h a t  e x a c t l y  t h e  same energy  
u s e  c a t e g o r i e s  a r e  s a t i s f i e d  by f i n a l  energy supp ly  i n  t h e  sce -  
n a r i o s  a s  i n  t h e  b a s e  y e a r .  However, t h e  s t r u c t u r a l  s h i f t s  
between today  and t h e  y e a r  2100 go beyond s u b s t i t u t i o n  among 
s o l i d ,  l i q u i d ,  gaseous  f u e l s  and e l e c t r i c i t y  and even beyond 
t h e  s u b s t i t u t i o n s  of  v a r i o u s  forms of f i n a l  energy w i t h i n  each 
o f  t h e s e  c a t e g o r i e s ;  t h e  a c t u a l  u s e  o f  f i n a l  energy  forms 
changes.  For  example, o i l  r e f i n e r y  p r o d u c t s  have  a  ve ry  wide- 
s p r e a d  u s e  today--as a  sou rce  of h e a t  (low and h igh  t e m p e r a t u r e ) ,  
a s  v e h i c l e  f u e l  and a s  f e e d s t o c k s  i n  t h e  chemical  i n d u s t r y  
( b e s i d e s  t h e i r  u s e  a s  a  primary energy sou rce  i n  e l e c t r i c i t y  
g e n e r a t i o n ) .  I n  t h e  s c e n a r i o s ,  methanol becomes t h e  major  l i q u i d  
f u e l ,  b u t  i t s  u se  i s  l a r g e l y  l i m i t e d  t o  f e e d s t o c k s .  A s  a  major  
s o u r c e  of h e a t ,  o i l  p r o d u c t s  a r e  r e p l a c e d  by many new forms of  
f i n a l  energy ;  i n  t h e  Hard S o l a r  s c e n a r i o  hydrogen t a k e s  t h e  
c e n t r a l  r o l e  and i n  t h e  S o f t  S o l a r  s c e n a r i o  t h e  o n - s i t e  genera-  
t i o n  sys tems ( e . g .  r o o f - t op  s o l a r  c o l l e c t o r ) .  A s  a n  e x c l u s i v e  
s o u r c e  of v e h i c l e  f u e l ,  o i l  p roduc t s  a r e  r e p l a c e d  mainly by 
hydrogen and e l e c t r i c i t y .  Thus, t h e  b a l a n c i n g  of  energy demand 
and supp ly  i n  t h e  s c e n a r i o s  r e s u l t s  i n  a  profound change of t h e  
energy sys tem s t r u c t u r e  t h a t  l e a d s  t o  p a t t e r n s  of energy  use  
d i f f e r e n t  t h a n  t o d a y ' s .  However, t h e  s t r u c t u r a l  changes a r e  
d i f f e r e n t  i n  t h e  two s c e n a r i o s ,  and a l s o  t h e  t o t a l  amounts of  
f i n a l  energy a r e  d i f f e r e n t .  I n  t h e  Hard S o l a r  s c e n a r i o ,  t h e  
f i n a l  energy  more t h a n  doub les  compared t o  t h e  c u r r e n t  f i n a l  
energy u s e ,  w h i l e  it remains  p r a c t i c a l l y  c o n s t a n t  i n  t h e  S o f t  
S o l a r  s c e n a r i o  d u r i n g  a  p e r i o d  of  more t h a n  100 y e a r s .  These 
r e l a t i v e l y  s m a l l  i n c r e a s e s  i n  t h e  f i n a l  energy  u s e  i n  t h e  S o f t  
S o l a r  s c e n a r i o ,  and even t h e  g r e a t e r  i n c r e a s e s  i n  t h e  Hard 
s c e n a r i o ,  i l l u s t r a t e  t h e  s u b s t a n t i a l  energy e f f i c i e n c y  improve- 
ments and o v e r a l l  c o n s e r v a t i o n  measures i n  t h e  s c e n a r i o s .  R e -  
c a l l i n g  t h a t  t h e  GDP grows more t h a n  seven- fo ld  d u r i n g  t h e  same 
p e r i o d  i m p l i e s  a s  a  r e s u l t  ex t remely  low f i n a l  energy  t o  GDP 
e l a s t i c i t i e s  o f  0 . 4 3  i n  t h e  Hard and on ly  0 .08 i n  t h e  S o f t  S o l a r  
s c e n a r i o  compared w i t h  h i s t o r i c a l  e l a s t i c i t y  o f  0 .79 ( f o r  t h e  
p e r i o d  1950 t o  1 9 7 5 ) .  The a g g r e g a t e  energy e f f i c i e n c y  improve- 
ments embodied i n  t h e  s c e n a r i o s  a r e  r e f l e c t e d  i n  F i g u r e  4 where 
f i n a l  energy  p e r  u n i t  GDP is  p l o t t e d  a g a i n s t  GDP p e r  c a p i t a  f o r  
t h e  two s o l a r  s c e n a r i o s  and,  f o r  comparison,  t h e  Low s c e n a r i o  
of  t h e  Global  Study.  The o v e r a l l  energy u s e  p e r  u n i t  o f  GDP is  
reduced  by two t h i r d s  i n  t h e  Hard S o l a r  s c e n a r i o  and by more t h a n  
80 p e r c e n t  i n  t h e  S o f t  S o l a r  s c e n a r i o  (from 0 .7  W/$(1975) i n  
1975 t o  0 . 2  and 0.1 W/$(1975) i n  2100, r e s p e c t i v e l y ) .  T h i s  
c o u l d  be  ach ieved  a s  a  r e s u l t  of  s u b s t a n t i a l  changes th roughout  
t h e  economy and w i t h i n  each  economic s e c t o r  i n  a d d i t i o n  t o  a  
change i n  l i f e - s t y l e s  ( e . g .  reduced p l a n e  t r a v e l ,  u s e r  o r i e n t a -  
t i o n  i n  energy c o n v e r s i o n )  and enormous e f f i c i e n c y  improvements 
of energy end u se  t e c h n o l o g i e s .  Moreover, t h e  energy u se  reduc- 
t i o n s  w e r e  l a r g e r  i n  t h e  S o f t  S o l a r  s c e n a r i o  t h a n  i n  t h e  Hard 
s c e n a r i o ,  t h e  S o f t  S o l a r  s c e n a r i o  be ing  c o n s i s t e n t  w i t h  t h e  
Lower demand p r o j e c t i o n  and t h e  Hard S o l a r  and Nuclear  s c e n a r i o s  
w i t h  t h e  Higher demand p r o j e c t i o n .  Thus, a l t hough  demand a s s e s s -  
ment i n  MEDEE-2 and t h e  supp ly  s t r u c t u r e  c o n f i g u r a t i o n  o f  MESSAGE 
I1 can  be viewed a s  two d i s t i n c t  s t e p s  i n  each s c e n a r i o ,  t h e  
r e s u l t a n t  b a l a n c e ,  t o g e t h e r  w i t h  a l l  o f  t h e  c o n s t r a i n t s  imposed 
i n  t h e  a n a l y s i s ,  r e p r e s e n t s  t h e  s i n g u l a r  c h a r a c t e r i s t i c  of a  
Region 11 I,Global Low Scenario 
Western Europe,Hard Solar 
+ 
Western Europe,Soft Solar 
+ 
G DP per Capita ( 1000$1976/cap) 
Figure  4 .  Energy i n t e n s i v e n e s s  i n  t h e  s c e n a r i o s .  
g iven  s c e n a r i o .  The maximal p o s s i b l e  r e l i a n c e  on d e c e n t r a l i z e d  
s o l a r  and renewable energy systems i n  t h e  S o f t  S o l a r  s c e n a r i o  
f o r  example l e a d s  t o  t h e  Lower energy demand l e v e l .  That  i s ,  
Table  1 a l r e a d y  i n d i c a t e d  t h a t  i n  t h e  S o f t  S o l a r  s c e n a r i o  most 
of t h e  demanded energy i s  supp l i ed  by sma l l - s ca l e  s o l a r  o r  
renewable sources  u s ing  t echno log ie s  l o c a t e d  e i t h e r  a t  t h e  s i t e  
of end use  o r  a s  c l o s e  a s  p o s s i b l e .  The collocation of energy 
gene ra t ion  and convers ion  systems c l o s e  t o  t h e  u s e r  then  imposes 
o t h e r  o v e r a l l  c o n s t r a i n t s  on t h e  s t r u c t u r e  of energy demand and 
supply than  do t h e  c e n t r a l i z e d  energy gene ra t ion  and convers ion 
of t h e  Hard S o l a r  and Nuclear s c e n a r i o s  w i th  t h e i r  long-d is tance  
energy t r a n s p o r t  and d i s t r i b u t i o n  requi rements .  I n  f a c t ,  t h e  
s tudy  .shows t h a t  it i s  ques t ionab le  whether d e c e n t r a l i z e d  energy 
gene ra t ion ,  even when taken  t o  t h e  maximurr, degree  p o s s i b l e ,  
could a t  a l l  be f e a s i b l e  wi th  t h e  Higher energy demand. 
ENERGY CONVERSION AND SUPPLY 
Table  2 shows t h e  f i n a l  energy s u p p l i e s  i n  t h e  t h r e e  sce- 
n a r i o s  by f i n a l  energy form. A l l  t h r e e  s c e n a r i o s  l e a d  t o  s u s t a i n -  
a b l e  energy use  by 2100. F o s s i l  energy sources  a r e  e v e n t u a l l y  
e l imina t ed  i n  a l l  s c e n a r i o s ,  bu t  i n  2030 t h e  r e l i a n c e  on f o s s i l  
energy s u p p l i e s  i s  s t i l l  s t r o n g ,  a  r e s u l t  t h a t  conf i rms t h e  
n e c e s s i t y  of u s ing  a  long t ime hor izon  of more than 100 y e a r s  
f o r  t h e  a n a l y s i s  of s u s t a i n a b l e  energy f u t u r e s .  However, i n  
Table 2 .  Final Energy Shares by Form, Sqft  and Hard Solar and Nuclear Scenarios ,  1 9 7 5  t o  2100  
( 5 )  
Base Scenario 
Year Soft  Solar Hard Solar Nuclear 
Form 1 9 7 5  2 0 3 0  2 1 0 0  2 0 3 0  2100  2 0 3 0  2 1 0 0  
Coal 1 0 . 1  4 . 6  0 . 1  1 4 . 5  0 . 1  1 0 . 6  0 . 1  
O i  1 5 9 . 5  6 . 6  0  15 .2  0  1 2 . 1  0  
Gas 1 6 . 4  4 . 2  0  2 1 . 8  0  1 1 . 0  0  
E l e c t r i c i t y  1 1 . 8  1 8 . 3  1 7 . 8  23.4  2 6 . 5  3 8 . 0  5 0 . 2  
Biomass 2 . 2  9 . 8  7 . 9  5 .3  3 .1  5 . 7  3 .1  
Me than01 0  2 .4  1 5 . 6  5 .7  1 8 . 5  6 . 2  1 8 . 3  
Hydrogen 0  1 3 . 5  1 4 . 9  14 .1  5 1 . 8  15 .4  2 8 . 3  
D i s t r i c t  Heat 0  2 . 9  2 . 5  0  0  0  0  
On-Sin 0  3 7 . 1  4 1 . 2  0  0  0  0  
Total (TWyr/yr) 1 . 1 9  1 . 1 7  1 . 3 9  1 . 8 2  2 . 8 1  1 . 6 9  2 . 8 2  
2030 t h e  r e l a t i v e  u s e  of f o s s i l  sou rce s  is  t h e  lowes t  i n  t h e  
S o f t  s c e n a r i o  and h i g h e s t  i n  t h e  Hard S o l a r  s c e n a r i o .  By 2100, 
t h e  S o f t  S o l a r  s c e n a r i o  rel ies most ly  on o n - s i t e  energy genera-  
t i o n  c o n t r i b u t i n g  41 p e r c e n t  of a l l  f i n a l  s u p p l i e s .  I n  a d d i t i o n ,  
t h e  l o c a l  energy sou rce s  such a s  d i s t r i c t  h e a t  co-genera t ion  and 
wind and p h o t o v o l t a i c  p l a n t s  c o n t r i b u t e  i n  t h e  form of e l e c t r i c i t y  
14 p e r c e n t  of f i n a l  energy compared t o  t h e  t o t a l  of  18 p e r c e n t  of 
f i n a l  energy d e l i v e r e d  a s  e l e c t r i c i t y .  The remaining e l e c t r i c i t y  
o r i g i n a t e s  from hydropower. Only 15 pe rcen t  of  a l l  f i n a l  energy 
is  d e l i v e r e d  i n  t h e  form of t h e r m o l y t i c  hydrogen o r i g i n a t i n g  from 
l a r g e  s o l a r  power p l a n t s  i n  South Europe. Thus, t h e  S o f t  S o l a r  
s c e n a r i o  i s  based on a t  most one f i f t h  of a l l  f i n a l  energy from 
l a r g e  c e n t r a l i z e d  energy g e n e r a t i o n  sys tems.  
I n  t h e  Hard S o l a r  s c e n a r i o  t h e  o p p o s i t e  i s  t h e  c a s e .  On- 
s i t e  energy g e n e r a t i o n  i s  n o t  used a t  a l l .  52 p e r c e n t  of a l l  
f i n a l  energy i s  d e l i v e r e d  i n  t h e  form of t h e r m o l y t i c  hydrogen 
and 27 p e r c e n t  a s  e l e c t r i c i t y ,  bo th  energy forms o r i g i n a t e  from 
l a r g e  s o l a r  p l a n t s  p l aced  i n  sunny a r e a s  of  t h e  South and re- 
q u i r e  l ong -d i s t ance  t r a n s p o r t  and hydrogen s t o r a g e .  Thus, a l -  
t o g e t h e r  i n  t h e  Hard S o l a r  s c e n a r i o  about  80 p e r c e n t  o f  a l l  f i n a l  
energy i s  d e l i v e r e d  from c e n t r a l i z e d  energy convers ion  t e chno l -  
o g i e s  and i n  t h e  S o f t  S o l a r  s c e n a r i o  t h e  same r e l a t i v e  s h a r e  i s  
d e l i v e r e d  from u s e r - o r i e n t e d ,  l o c a l  o r  o n - s i t e  sys tems.  
With r e s p e c t  t o  f i n a l  energy d e l i v e r i e s ,  t h e  Nuclear  sce-  
n a r i o  r e p r e s e n t s  i n  many ways a  m i r r o r  image of t h e  Hard S o l a r  
s c e n a r i o .  The amounts of f i n a l  energy d e l i v e r e d  i n  t h e  two 
s c e n a r i o s  a r e  e q u i v a l e n t  s i n c e  t h e y  bo th  ba l ance  t h e  same l e v e l s  
and p a t t e r n s  of  f i n a l  and u s e f u l  energy and energy s e r v i c e  re- 
qui rements .  With r e s p e c t  t o  f i n a l  energy forms d e l i v e r e d  t o  
end u s e s  i n  t h e  Hard S o l a r  s c e n a r i o  t h e  Nuclear  s c e n a r i o  shows 
e x a c t l y  t h e  same biomass and methanol d e l i v e r i e s  and i n  a d d i t i o n  
p a r a l l e l  b u t  exchanged r o l e s  of e l e c t r i c i t y  and hydrogen.  A l -  
though t h i s  r e s u l t  may appear  s u r p r i s i n g ,  it c a n  b e  e a s i l y  
e x p l a i n e d .  Biomass i s  t h e  o n l y  s o l i d  f u e l  l e f t  i n  a l l  s c e n a r i o s  
and a s  a  s o u r c e  of  ca rbon  atom canno t  b e  r e p l a c e d  by any o t h e r  
energy form. The same i s  t r u e  f o r  methanol ,  a l l  of  it i s  needed 
t o  p r o v i d e  f e e d s t o c k s  i n  a l l  t h r e e  s c e n a r i o s .  Thus t h e  amount 
of t h e s e  two energy  forms must b e  t h e  same i n  t h e  Nuclear  and 
t h e  Hard S o l a r  s c e n a r i o s ,  s i n c e  t h e y  must s a t i s f y  t h e  same 
energy demand l e v e l s .  Hydrogen and e l e c t r i c i t y  on t h e  o t h e r  
hand a r e  p e r f e c t l y  s u b s t i t u t a b l e  forms o f  ene rgy  i n  many energy 
demand c a t e g o r i e s .  The main e x c e p t i o n  i s  t h e  t r a n s p o r t a t i o n  
s e c t o r .  I t  needs  a  b a s i c a l l y  f i x e d  p r o p o r t i o n  o f  hydrogen and 
e l e c t r i c i t y  s i n c e  by 2 1 0 0  a l l  f r e e - r a n g e  v e h i c l e s  r e l y  on hydro- 
gen a s  a n  energy s o u r c e  and t r a i n s  on  e l e c t r i c i t y .  
I n  t h e  Hard S o l a r  s c e n a r i o  more hydrogen is  d e l i v e r e d  s i n c e  
it can  a l s o  b e  u s e d  t o  s t o r e  energy o v e r  l o n g e r  p e r i o d s  i n  o r d e r  
t o  match t h e  s o l a r  i n s o l a t i o n  a v a i l a b i l i t y  and energy  demand 
l o a d s .  I n  t h e  Nuc lea r  s c e n a r i o  such l a r g e  s t o r a g e  c a p a c i t i e s  
a r e  n o t  r e q u i r e d .  Nuclear  power p l a n t s  a r e  b e t t e r  s u i t e d  t o  
o p e r a t e  i n  a  b a s e  l o a d  mode ( i . e .  t h e y  do  n o t  have  s e a s o n a l  
v a r i a t i o n s )  t h u s  t o  f o l l o w  demand p r o f i l e s  some s t o r a g e  i s  a l s o  
r e q u i r e d  b u t  n o t  t o  t h e  e x t e n t  a s  i n  t h e  Hard S o l a r  s c e n a r i o .  
I n  o t h e r  words,  w i t h i n  t h e  s t r u c t u r e  of t h e  energy  sys tem and 
energy demand t h a t  have  a common b a s e  i n  b o t h  s c e n a r i o s ,  a b o u t  
one  f o u r t h  of  a l l  f i n a l  ene rgy  s h o u l d  b e  i n  t h e  form of  hydrogen,  
a b o u t  one  f o u r t h  i n  t h e  form of  e l e c t r i c i t y ,  and a l i t t l e  less 
t h a n  one  f o u r t h  is  p e r f e c t l y  s u b s t i t u t a b l e  between hydrogen and 
e l e c t r i c i t y .  T h i s  l a s t  c a t e g o r y  i l l u s t r a t e s  t h e  f l e x i b i l i t y  t h a t  
i s  g i v e n  t o  t h e  energy  sys tem and,  most i m p o r t a n t l y ,  t h a t  t h e  
f l e x i b i l i t y  is  l i m i t e d  t o  o n l y  25 p e r c e n t  of  t o t a l  f i n a l  e n e r g y .  
I n  t h e  Hard S o l a r  s c e n a r i o  t h i s  f l e x i b i l i t y  was u t i l i z e d  a s  a  
b u f f e r  between energy  s u p p l y  and demand ( i n  t h e  form of hydrogen) 
and i n  t h e  Nuclear  s c e n a r i o  a s  a n  o p p o r t u n i t y  t o  r e d u c e  t h e  
s u p p l y  complex i ty  by s u p p l y i n q  t h e  FBR g e n e r a t e d  e l e c t r i c i t y  
d i r e c t l y  a s  e l e c t r i c i t y  w i t h o u t  f u r t h e r  c o n v e r s i o n .  T a b l e  2 
shows t h a t  e x c e p t  f o r  t h e  e l e c t r i c i t y  and hydrogen c a t e g o r i e s  
t h e  f i n a l  ene rgy  u s e  p a t t e r n s  f o r  t h e  Nuclear  s c e n a r i o  a r e  
e s s e n t i a l l y  unchanged 'wi th  r e s p e c t  t o  t h e  Hard S o l a r  s c e n a r i o .  
Thus, i n  t h e  two s c e n a r i o s  t h a t  a r e  based  on c e n t r a l  ene rgy  
c o n v e r s i o n  sys tems ,  hydroqen and e l e c t r i c i t y  t o g e t h e r  p r o v i d e  
a lmos t  80  p e r c e n t  of  a l l  f i n a l  ene rgy .  I n  t h e  S o f t  S o l a r  sce- 
n a r i o  t h e  same r e l a t i v e  s h a r e  of f i n a l  ene rgy  i s  p r o v i d e d  by 
u s e r - o r i e n t e d  sys tems ,  b u t  a l t h o u g h  t h e  hydrogen and e l e c t r i c i t y  
( r e l a t i v e )  u s e  i s  reduced ,  it i s  s t i l l  needed.  T h i s  stresses 
a g a i n  t h e  impor tance  of  t h e s e  two energy  c a r r i e r s  i n  t h e  f u t u r e .  
The symmetry i s  p e r f e c t :  s o l a r - t h e r m a l  c o n v e r s i o n  needs  t h e  
p r o t o n  ( i . e .  hydrogen)  more a s  a n  energy c a r r i e r  b e c a u s e  it can  
b e  e a s i l y  s t o r e d ,  and n u c l e a r  energy needs  t h e  e l e c t r o n  ( i . e .  
e l e c t r i c i t y )  more because  it can  b e  c o n v e r t e d  i n t o  a n  energy  
c a r r i e r  a t  lower  t e m p e r a t u r e s .  But t h i s  freedom i s  l i m i t e d ,  
b o t h  energy  s o u r c e s  must p r o v i d e  b o t h  energy c a r r i e r s ;  t h e  
v a r i a t i o n  i n  t h e  mix of  t h e s e  two energy  c a r r i e r s  i s  l i m i t e d  
t o  50 p e r c e n t .  Thus t h e  Nuclear  s c e n a r i o  i s  s i m i l a r  t o  t h e  
Hard S o l a r  s c e n a r i o  a s  f a r  a s  t h e  energy  consumer i s  concerned-- 
both  s c e n a r i o s  f u l f i l l  e x a c t l y  t h e  same energy demand c a t e g o r i e s .  
The f i n a l  energy  d e l i v e r i e s  t h a t  meet t h e  demands r e s u l t  
i n  primary energy r equ i r emen t s .  I n  between a r e  t h e  v a r i o u s  
s t a g e s  of energy conve r s i on ,  s t o r a g e  i n  t h e  c a s e  of  hydrogen,  
t r a n s p o r t  and d i s t r i b u t i o n .  The f i n a l  energy demands i n  t h e  
y e a r  2100 of  1 . 4  TWyr/yr of  t h e  S o f t  S o l a r  s c e n a r i o  and 2.8 
TWyr/yr of  t h e  Hard S o l a r  and Nuclear  s c e n a r i o s  r e s u l t  i n  p r i -  
mary energy r equ i r emen t s  o f  3.2 TWyr/yr, 5 . 8  TWyr/yr and 7.3 
TWyr/yr, r e s p e c t i v e l y .  Tab le  3  shows how t h e s e  pr imary energy  
r e q u i r e men t s  a r e  d i s t r i b u t e d  among d i f f e r e n t  energy s o u r c e s .  
Thus, from t h e  s t r u c t u r e  of  energy  supp ly ,  t h e  S o f t  S o l a r  sce- 
n a r i o  i s  over  70 p e r c e n t  " s o f t " ,  t h e  Hard s c e n a r i o  re l ies  more 
t h a n  80 p e r c e n t  on c e n t r a l i z e d  s o l a r  conve r s ion  and t h e  Nuclear  
s c e n a r i o  i s  a lmos t  9 0  p e r c e n t  n u c l e a r .  A l l  s c e n a r i o s  r e l y  ex- 
c l u s i v e l y  on s u s t a i n a b l e  energy sys tems by t h e  y e a r  2100. 
Table 3. Primary Energy (Equivalent) Shares, Soft and Hard Solar and Nuclear Scenarios, 1975 
to 2100 ( 5 )  
Base Scenario 
Year Soft Solar Hard Solar Nuclear 
Energy Source 1975 2030 2100 2030 2100 2030 2100 
Coal 22.1 2.4 0 12.6 0 5.1 0 
Oi 1 52.5 3.6 0 9.5 0 6.1 0 
Gas 13.2 2.3 0 13.7 0 6 .O 0 
LWR 2.4 4.6 0 0.8 0 5.8 0 
FBR 0 0 0 9.5 0 56.2 65.3 
HTR 0 0 0 0 0 5.5 23.9 
(Nuclear Total) (2.4) (4.6) (0) (10.3) (0) (84.0) (89.2) 
Hydropower 8.1 10.6 8.5 7.7 4.3 6.6 3.4 
Biomass 1.7 8.4 15.1 10.1 9.4 8.7 7.4 
Windpower 0 34.8 33.9 0 0 0 0 
Wavepower 0 1.8 1.4 0 0 0 0 
Photovoltaics 0 6.0 9.4 0 0 0 0 
On-Site Sources 0 25.4 28.3 0 0 0 0 
("Soft' Total) (0) (68.0) (73.0) (0) (0) (0 (0) 
Solar-Electric 0 0 0 19.9 3.4 0 0 
Solar-Hydrogen 0 0.1 3.4 16.2 82.9 0 0 
("Hard" Total) (0) (0.1) (3.4 (36.1) (86.3) (0) (0) 
Total (TWyr/yr) 1.53 2.36 3.16 3.20 5.76 3.70 7.32 
SUSTAINABLE ENERGY SYSTEMS 
I n  each s c e n a r i o  t h e  maximum f e a s i b l e  l e v e l  o f  one t y p e  o f  
energy supp ly  sys tem is used ,  which w e  r e f e r  t o  a s  t h e  " r e f e r e n c e  
sys tem".  I n  t h e  Hard S o l a r  s c e n a r i o ,  t h e  c e n t r a l  s o l a r  power 
p l a n t s  i n  South Europe comprise t h e  " r e f e r e n c e  s y s t e m " . .  I n  t h e  
Nuclear  s c e n a r i o  it c o n s i s t s  of  t h e  c o n v e r t e r  and b r e e d e r  r e a c t o r  
sys tems and i n  t h e  S o f t  S o l a r  s c e n a r i o ,  o f  t h e  l o c a l  s o l a r  energy 
s o u r c e s ,  such a s  t h e  r o o f - t o p  c o l l e c t o r  o r  t h e  s m a l l  neighborhood 
wind o r  p h o t o v o l t a i c  p l a n t .  
The whole s t r u c t u r e  of  t h e  energy supp ly  sys tem i s  determined 
by implementing t h e  set  of t e c h n o l o g i e s  which minimizes t h e  over -  
a l l  c o s t  of t h e  supp ly  sys tem under c o n s t r a i n t s  of bu i ld -up  r a t e s ,  
r e s o u r c e  d e p l e t i o n ,  e t c .  I n  o r d e r  t o  u s e  a s  much a s  p o s s i b l e  of  
t h e  s p e c i f i e d  " r e f e r e n c e  system" and s t i l l  a l l o w  c o s t  minimi- 
z a t i o n ,  a  c o s t  p e n a l t y  is  l e v i e d  on t e c h n o l o g i e s  which do n o t  
be long  t o  t h e  " r e f e r e n c e  sys tem".  The f o l l o w i n g  c o s t  p e n a l t y  
s t r u c t u r e  is  used--2.4 p e r c e n t  p e r  y e a r  c o s t  i n c r e a s e  of f o s s i l  
r e s o u r c e s ,  n a t u r a l  uranium and n u c l e a r  sys tem inves tment  c o s t s  
( e x c e p t  i n  t h e  Nuclear  s c e n a r i o  where n u c l e a r  t e c h n o l o g i e s  a r e  
t h e  " r e f e r e n c e  s y s t e m " ) .  I n  a d d i t i o n ,  i n  t h e  S o f t  S o l a r  sce-  
n a r i o  c o s t  s u b s i d i e s  of 4 0  p e r c e n t  f o r  l o c a l  and 60 p e r c e n t  f o r  
o n - s i t e  energy supp ly  a r e  a c t u a l l y  awarded w i t h i n  t h e  " r e f e r e n c e  
sys tem".  W e  f e e l  t h a t  such a n  approach l e a v e s  more f l e x i b i l i t y  
t o  s t r u c t u r e  t h e  energy supp ly  system b e s t  s u i t e d  under t h e  
g i v e n  c o n s t r a i n t s .  
Thus, t h e  g e n e r a l  approach is  t h a t  a l l  energy  conve r s ion ,  
t r a n s p o r t a t i o n  and d i s t r i b u t i o n  t e c h n o l o g i e s  c a n  compete t o  
m e e t  demands i n  a l l  s c e n a r i o s .  W e  have assumed t h a t  t e c h n o l o g i e s  
compete p r i m a r i l y  on  a c o s t  b a s i s ,  t h e  c h e a p e s t  t echno logy  a v a i l -  
a b l e  be ing  used f i r s t .  But t h e r e  a r e  c o n s t r a i n t s  on t h e  r a t e s  
a t  which r e s o u r c e s  and p o t e n t i a l s  c an  be  e x p l o i t e d ,  on t h e  r a t e  
a t  which new f a c i l i t i e s  a r e  b u i l t  and i m p l i c i t l y  on t h e  t o t a l  
amount o f  any s i n g l e  a c t i v i t y  t h a t  c an  be  used .  A l l  of  t h e s e  
numerous c o n s t r a i n t s  a f f e c t  d e c i s i o n s  which would o t h e r w i s e  be  
dominated by c o s t  c o n s i d e r a t i o n s  a l o n e .  Together  w i t h  t h e  
d i f f e r e n t i a l  c o s t  changes t hey  c a n  be  s een  a s  d e l i b e r a t e l y  
f o r c i n g  t h e  energy  sys tem t o  ma in t a in  f l e x i b i l i t y  d u r i n g  t h e  
t r a n s i t i o n  t o  a  s u s t a i n a b l e  f u tu r e - - t o  p rov ide  d i v e r s i t y  i n  
o r d e r  t o  cope b e t t e r  w i t h  unexpected changes .  I n  f a c t ,  t o  t h e  
e x t e n t  t h a t  t h e  s c e n a r i o s  r e p r e s e n t  extreme f u t u r e  energy sys -  
t e m s ,  t h ey  d e l i m i t  t h e  f l e x i b i l i t y .  For example, a  f u t u r e  w i th  
lower energy u s e  t h a n  i n  t h e  S o f t  S o l a r  s c e n a r i o  i s  perhaps  
p o s s i b l e ,  b u t  w i t h i n  o u r  a n a l y s i s  n o t  by a smooth " s u r p r i s e -  
f r e e "  t r a n s i t i o n  from t h e  c u r r e n t  energy system. 
ENERGY IMPORTS 
I n  2030, d u r i n g  t h e  t r a n s i t i o n  p e r i o d  t o  s u s t a i n a b l e  energy 
s u p p l i e s ,  a l l  s c e n a r i o s  r e l y  on f o s s i l  energy s o u r c e s .  Due t o  
t h e  l a c k  of  s u f f i c i e n t  endogenous f o s s i l  s o u r c e s  i n  Western 
Europe most of  t h e s e  energy needs a r e  ba lanced  by energy impor t s .  
However, t h e  r e l a t i v e  s h a r e s  o f  f o s s i l  energy s o u r c e s  a r e  much 
lower even d u r i n g  t h e  t r a n s i t i o n  t h a n  t oday ,  s o  t h a t  t h e  import  
dependence is  reduced i n  a l l  s c e n a r i o s  by 2030. I n  1975, 53 
p e r c e n t  of a l l  pr imary energy consumed i n  Western Europe o r i g i -  
n a t e d  abroad .  By 2030, on ly  two p e r c e n t  of  a l l  pr imary energy 
i s  imported i n  t h e  S o f t  S o l a r  s c e n a r i o .  A r e l a t i v e  r e d u c t i o n  
of  energy i m p o r t s  t o  31 p e r c e n t  of a l l  pr imary energy i s  a l s o  
ach ieved  i n  t h e  Hard S o l a r  s c e n a r i o ,  w h i l e  t h e  Nuclear  s c e n a r i o  
a c h i e v e s  r e d u c t i o n s  of  energy impor t s  comparable t o  t h e  S o f t  
S o l a r  s c e n a r i o ,  a t  a  l i t t l e  more t h a n  s i x  p e r c e n t .  The r ea son  
f o r  t h e  r e l a t i v e l y  h i g h  impor t  dependence of t h e  Hard S o l a r  sce- 
n a r i o  i s  t h a t  i n  a d d i t i o n  t o  f o s s i l  energy impor t s  most o f  t h e  
s o l a r  t h e r m o l y t i c  hydrogen must be  imported because  t h e  endoge- 
nous s o l a r  t h e r m a l  p o t e n t i a l  of Western Europe i s  p r a c t i c a l l y  
exhaus ted  by e l e c t r i c i t y  p roduc t i on .  Moreover, a f t e r  2030 t h e  
energy import  dependence i n c r e a s e s  a g a i n  i n  t h e  Hard S o l a r  sce- 
n a r i o  due  t o  i n c r e a s e d  hydrogen needs .  I n  t h e  o t h e r  two sce- 
n a r i o s  energy i m p o r t s  a r e  comple te ly  e l i m i n a t e d  a f t e r  2060. 
I n  t h e  Hard S o l a r  s c e n a r i o  it is  assumed t h a t  hydrogen i s  
impor ted  from t h e  S a h a r a  s i n c e  t h i s  is  a s u s t a i n a b l e  s o u r c e  of  
e n e r g y ,  a l t h o u g h  of  a  non-European o r i g i n .  S e t t i n g  a s i d e  t h e  
p o l i t i c a l  i s s u e s  i n v o l v e d ,  w e  have assumed t h a t  t h e  t o t a l  pro- 
d u c t i o n  and i n v e s t m e n t  c o s t  of  t h i s  scheme would b e  c a r r i e d  by 
Western Europe,  s o  t h a t  t h e s e  c o s t s  a r e  i n c l u d e d  i n  t h e  s c e n a r i o .  
T h i s  o b s e r v a t i o n  o f f e r s  a n  i n t e r e s t i n g  comparison of t h e  
s c e n a r i o s .  The Hard S o l a r  s c e n a r i o  was found t o  b e  c o m p a t i b l e  
w i t h  t h e  Higher  ene rgy  demand p r o j e c t i o n .  Pe rhaps  t h e  major  
s i n g l e  r e a s o n  i s  t h a t  a t  t h e  r e l a t i v e l y  h i g h  energy  g e n e r a t i o n  
d e n s i t i e s  o f  t h e  c e n t r a l i z e d  s o l a r  c o n v e r s i o n  f a c i l i t i e s  (com- 
pa red  t o  t h o s e  of  t h e  S o f t  S o l a r  s c e n a r i o )  t h e  energy  supp ly  
i s  matched w e l l  w i t h  t h e  demand p a t t e r n s  and l e v e l s  of  t h e  Higher  
demand p r o j e c t i o n .  The c e n t r a l i z e d  supp ly  sys tem d i d  n o t  c o r r e -  
spond w i t h  t h e  Lower demand p r o j e c t i o n  due  t o  i t s  high  d e g r e e  of  
i m p l i e d  energy c o n s e r v a t i o n  and u s e r  o r i e n t a t i o n .  I n  t h e  Hard 
S o l a r  s c e n a r i o  t h i s  c o n s e r v a t i o n  and u s e r  o r i e n t a t i o n  i s  s imply  
no t  n e c e s s a r y ,  and,  i n  p a r t i c u l a r ,  t h e  h i g h  d e g r e e  of u s e r  o r i -  
e n t a t i o n  of  t h e  Lower demand p r o j e c t i o n  would have been uneco- 
nomical ;  it would r e q u i r e  complex end u s e  t e c h n o l o g i e s  i n  a d d i -  
t i o n  t o  i n t r i c a t e  and complex c e n t r a l i z e d  energy c o n v e r s i o n .  
For  p r e c i s e l y  t h e  same r e a s o n  t h e  Nuclear  s c e n a r i o  a l s o  c o r r e -  
sponds t o  t h e  Higher  demand p r o j e c t i o n .  The d i f f e r e n c e  between 
t h e  two, however, i s  t h a t  t h e  Hard S o l a r  s c e n a r i o  needs  a d d i -  
t i o n a l  hydrogen impor t s  whereas t h e  Nuclear  s c e n a r i o  r e s u l t s  
i n  impor t  independence .  Thus,  t h e  d r a s t i c  changes  i n  t h e  f i n a l  
and pr imary  energy  forms and t h e i r  u s e  and o r i g i n  a l l  i n d i c a t e  
t h a t  t h e  s u s t a i n a b l e  ene rgy  sys tems i n  2100 a r e  v e r y  d i f f e r e n t  
from t h e  c u r r e n t  one  b o t h  from t h e  p e r s p e c t i v e  o f  t h e  u s e r  and 
energy  supp ly  i n f r a s t r u c t u r e .  I t  i s  p o s s i b l e  t o  o b s e r v e  some 
a n a l o g i e s  t o  t h e  c u r r e n t  sys tem a s  w e  have o u t l i n e d  above,  b u t  
t h e y  stress even  more t h e  o v e r a l l  d i f f e r e n c e .  
On t h e  o t h e r  hand,  w h i l e  t h e s e  d i f f e r e n c e s  c a n  h a r d l y  b e  
o v e r s t a t e d ,  t h e  t r a n s i t i o n  t o  t h e s e  s u s t a i n a b l e  ene rgy  sys tems 
t a k e s  on t h e  o r d e r  of 100 y e a r s ,  a  l o n g  t i m e  i n d e e d .  Looking 
back 100 y e a r s  o r  s o ,  w e  would a l s o  e n c o u n t e r  d r a s t i c a l l y  
d i f f e r e n t  energy forms and use :  f u e l  wood, some u s e  o f  c o a l ,  
an imal  muscle and wind power. A l l  of  t h e s e  energy  forms,  
e x c e p t  c o a l ,  c a n  a l s o  b e  c o n s i d e r e d  t o  b e  renewable .  Thus, 
t h e  t r a n s i t i o n  f o r e s e e n  i n  t h e  s c e n a r i o s  a p p e a r s  t o  r e q u i r e  
changes o f  a t  l e a s t  a  comparable o r d e r  of  magnitude t o  t h o s e  
t h a t  took  p l a c e  d u r i n g  t h e  l a s t  100 y e a r s .  
ENERGY IMPORT COSTS AND CAPITAL REQUIREMENTS 
The i n f r a s t r u c t u r a l  changes b o t h  i n  t h e  energy sys tems  and 
energy u s e  i n  t h e  s c e n a r i o s  imply n o t  o n l y  d i f f e r e n t  l i f e - s t y l e  
p a t t e r n s  when compared w i t h  t h e  c u r r e n t  s i t u a t i o n  i n  Western 
Europe,  b u t  a l s o  changes i n  t h e  s t r u c t u r e  o f  consumption and 
i n v e s t m e n t s .  I n  p a r t i c u l a r ,  t h e  i m p o r t a n t  q u e s t i o n s  a r e  how 
t h e  i n v e s t m e n t s  i n  t h e  energy sys tem and t h e  payments f o r  energy 
impor t s  change o v e r  t i m e .  For Western Europe t h e  t r a n s i t i o n  
t o  a s u s t a i n a b l e  s u p p l y  of  energy means t h a t  h i g h e r  c a p i t a l  
i n v e s t m e n t s  would r e p l a c e  t h e  payments f o r  t h e  con t inuous  
impor t  of  f o s s i l  e n e r g y .  
By t h e  y e a r  2100 i n  t h e  S o f t  S o l a r  and Nuclear  s c e n a r i o s  
i t  would b e  p o s s i b l e  f o r  Western Europe t o  become s e l f - s u f f i c i e n t  
and independen t  of  ene rgy  impor t s .  I n  t h e  Hard S o l a r  s c e n a r i o  
such independence  c o u l d  n o t  b e  a c h i e v e d ,  b u t  t h e  r e s u l t s  showed 
t h a t  ene rgy  i m p o r t s  would b e  reduced t o  s o l a r  hydrogen from t h e  
Sahara .  The c a p i t a l  f o r  e x p l o i t i n g  t h i s  r e s o u r c e  would b e  pro- 
v i d e d  by Western Europe.  Thus, a l t h o u g h  n o t  a Western European 
energy s o u r c e ,  t h e  hydrogen p r o d u c t i o n  i n  t h e  S a h a r a  was con- 
s i d e r e d  a s  a p a r t  o f  c a p i t a l  r e q u i r e m e n t s  t o  implement t h e  Hard 
S o l a r  s c e n a r i o .  Thus, i n  t h e  Hard S o l a r  s c e n a r i o ,  Western 
Europe h a s  bo th  t h e  burden t o  i n v e s t  i n  t h e  development  of  hydro- 
gen p r o d u c t i o n  o u t s i d e  i t s  b o r d e r s ,  and t o  pay f o r  con t inuous  
hydrogen i m p o r t s .  The c o s t  o f  impor ted  hydrogen was assumed 
t o  b e  t h e  s a m e  a s  t h a t  o f  domes t i c  hydrogen.  Due t o  t h e  f a c t  
t h a t  hydrogen p r o d u c t i o n  i n  t h e  S a h a r a  would b e  cheaper  t h a n  i n  
Western Europe, because  of  t h e  h i g h e r  s o l a r  i n s o l a t i o n  and 
c h e a p e r  l a b o r ,  t h e  c o s t  o f  impor ted  hydrogen s h o u l d  l e a v e  enough 
room f o r  some p r o f i t  f o r  t h e  e x p o r t i n g  c o u n t r i e s .  
T h i s  q u e s t i o n  of t h e  c o s t  o f  impor ted  hydrogen g i v e s  a 
f i r s t  g l impse  t h a t  a r e a l i s t i c  a n a l y s i s  o f  t h e  economic impac t s  
o f  t h e  s c e n a r i o s  i s  ex t remely  d i f f i c u l t  i f  it i s  p o s s i b l e  a t  a l l .  
Most of t h e s e  d i f f i c u l t i e s  a r i s e  from t h e  ex t remely  l o n g  t i m e  
h o r i z o n  of  t h e  a n a l y s i s .  P r e c i s e l y  because  t h e  f u t u r e  p r i c e  
e v o l u t i o n  i s  u n c e r t a i n  and n o t  p r e d i c t a b l e  o v e r  l o n g  t i m e  
p e r i o d s ,  a l l  of  t h e  energy  b a l a n c e s  f o r  t h e  two s c e n a r i o s  were 
c o n s i d e r e d  i n  p h y s i c a l  u n i t s  ( e . g .  pr imary  o r  f i n a l  ene rgy  
e q u i v a l e n t )  and n o t  i n  terms o f  market  p r i c e s .  I n  a d d i t i o n ,  
t h e  c o s t s  of  ene rgy  t e c h n o l o g i e s  and o t h e r  components of  t h e  
energy  sys tem w e r e  g i v e n  i n  r e a l  monetary te rms-- in  U.S. d o l l a r s  
a t  1 9 7 5 , p r i c e s  and exchange r a t e s .  They e x p r e s s  c o s t - p r i c e s  of 
producing a n  energy  commodity w i t h o u t  a c c o u n t i n g  f o r  f u t u r e  
development  of  i n d i r e c t  t a x e s  o r  o t h e r  f a c t o r s  t h a t  d e t e r m i n e  
market  p r i c e s ,  such a s  i n d i v i d u a l  u t i l i t y  p r e f e r e n c e s .  Thus 
t h e  c o s t  f i g u r e s  u s e d  i n  t h e  a n a l y s e s  a r e  p rede te rmined  and 
were n o t  based  on market  p r i c e s  r e s u l t i n g  from a n  economic 
e q u i l i b r i u m .  I n  o t h e r  words,  t h e  energy  s u p p l y  and demand 
b a l a n c e s  w e r e  a c h i e v e d  by c o s t  minimal a l l o c a t i o n  of  energy t o  
end u s e s  a t  g i v e n  demands and n o t  th rough  a p r i c e  mechanism. 
Only i n  such a way was it p o s s i b l e  t o  s t r u c t u r e  an energy sys tem 
c a p a b a l e  of  s u p p l y i n g  s u s t a i n a b l e  forms of  energy a f t e r  a t r a n -  
s i t c o n  p e r i o d  of a l m o s t  100 y e a r s .  But w e  must o b s e r v e  t h a t  
j u s t  a s  o u r  c o s t  a s sumpt ions  do n o t  encompass s h o r t - t e r m  p r i c e  
v a r i a t i o n s ,  t h e y  a r e  n o t  p r e d i c t i o n s  of locg- te rm p r i c e  develop- 
ments e i t h e r .  I n  o r d e r  t o  r e f l e c t  f i n a n c i a l  f lows  i n  Western 
Europe c o r r e c t l y ,  a d e t a i l e d  world t r a d e  model would be  needed 
t o  b a l a n c e  impor t  r e q u i r e m e n t s  and e x p o r t  a s p i r a t i o n s  o v e r  l o n g  
t i m e  p e r i o d s .  However, such a model does  n o t  e x i s t .  T h e r e f o r e  
w e  canno t  a n a l y z e ,  even i n  a q u a l i t a t i v e  way, t h e  p o s s i b i l i t y  
of  i n c r e a s i n g  Western European e x p o r t  a c t i v i t i e s  t o  t h e  e x t e n t  
t h a t  t h e y  match energy  impor t  r e q u i r e m e n t s .  Thus w e  a r e  n o t  
i n  a p o s i t i o n  t o  e v a l u a t e  t h e  r e a s o n a b l e n e s s  of  o u r  GDP growth 
assumpt ions  w i t h  r e s p e c t  t o  a b i l i t y  of t h e  Western European 
economy t o  pay f o r  t h e  s p e c i f i e d  energy  i m p o r t s .  
W e  c a n ,  however,  compare t h e  r e l a t i v e  s h a r e  of payments 
f o r  ene rgy  i m p o r t s  i n  t o t a l  GDP g i v e n  i n  F i g u r e  5 .  I n  t h e  Hard 
S o l a r  s c e n a r i o  t h e  t o t a l  ene rgy  impor t  b i l l  i n c r e a s e s  from less 
t h a n  5 p e r c e n t  i n  1980 t o  a maximum of  a l m o s t  7 p e r c e n t  by 2025. 
The i n t e r m e d i a t e  i n c r e a s e  i n  t h e  v a l u e  of  impor ted  energy  up 
t o  2060 is  caused  by t h e  need t o  impor t  a l l  of  t h e  r e q u i r e d  
f o s s i l  e n e r g y .  A f t e r  2060 f o s s i l  energy is  c o m p l e t e l y  phased 
o u t  s o  t h a t  a l l  of  t h e  impor ted  energy  by 2100 i s  i n  t h e  form 
of hydrogen.  For  example,  i n  2030 73 p e r c e n t  o f  t h e  impor t  
b i l l  i s  due t o  f o s s i l  energy i m p o r t s  and t h e  remainder  due t o  
hydrogen i m p o r t s  from t h e  Sahara .  
F i g u r e  5 .  Cos t  of  ene rgy  i m p o r t s  as s h a r e  of G D P ,  Hard and 
S o f t  S o l a r  s c e n a r i o s .  
I n  t h e  S o f t  S o l a r  and Nuclear  s c e n a r i o s  t h e  energy  impor t  
b i l l  i s  v e r y  ldw. Already by 2030 less t h a n  one  p e r c e n t  of 
t o t a l  GDP goes  f o r  ene rgy  i m p o r t s ,  and by 2100 no energy  i s  
impor ted .  T h i s  g r a d u a l  d e c r e a s e  of  t h e  r e l a t i v e  s h a r e  o f  t h e  
energy  i m p o r t s  and e v e n t u a l  impor t  independence i n  t h e  S o f t  
S o l a r  and Nuclear  s c e n a r i o s  can  o n l y  have p o s i t i v e  e f f e c t s  on 
t h e  t o t a l  b a l a n c e  of  payments and o v e r a l l  economic growth.  
However, even i n  t h e  Hard S o l a r  s c e n a r i o  t h e  r e l a t i v e  s h a r e  o f  
ene rgy  i m p o r t s  i n  GDP i n c r e a s e s  less t h a n  50 p e r c e n t  o v e r  a 
p e r i o d  of  more t h a n  50 y e a r s ,  and i n  t h e  l o n g  r u n  d e c r e a s e s  
below t h e  c u r r e n t  l e v e l .  T h i s  shou ld  p robab ly  n o t  c a u s e  any 
c r i t i c a l  problems.  I t  r e p r e s e n t s  a t  most a d o u b l i n g  o v e r  t h e  
c u r r e n t  ene rgy  impor t  b i l l s  of  most of t h e  Western European 
c o u n t r i e s  ( e . g . ,  i n  t h e  FRG t h e  s h a r e  of energy impor t s  i n  GDP 
was 3.1 p e r c e n t  i n  1975 ) .  
For r ea sons  exp l a ined  above it is  u n f o r t u n a t e l y  no t  p o s s i b l e  
t o  e v a l u a t e  whether t h e  energy impor t s  o f  t h e  Hard S o l a r  s c e n a r i o  
could  l e a d  t o  more s e r i o u s  economic problems,  such a s  t h o s e  i n -  
vo lv ing  ba l ance  of  payments d e f i c i t s ,  i n  t h e  long-term f u t u r e ,  
a l though  t h i s  appea r s  u n l i k e l y  i n  r e a l  t e r m s .  However, problems 
occur  i f  payments f o r  energy,  f o r e i g n  and domes t ic ,  c l a s h  w i th  
t h e  i n c r e a s i n g  demands f o r  h i g h l y  c a p i t a l  i n t e n s i v e  energy con- 
v e r s i o n  and end u s e  t e c h n o l o g i e s  o f  t h e  s c e n a r i o s .  
A t r e n d  p a r a l l e l  t o  such c a p i t a l  i n t e n s i v e  i n f r a s t r u c t u r a l  
changes and t h e  c a p i t a l  burden of  v i r t u a l  r e s o u r c e  d e p l e t i o n  i s  
t h e  growing consc iousness  towards environmenta l  impacts  of t h e  
energy sys tem and a l l  economic a c t i v i t i e s .  Thus energy and 
o t h e r  conse rva t i on  measures a long  w i t h  development o f  new 
i n f r a s t r u c t u r e s  a l l  add t o  t h e  i n c r e a s e  of c a p i t a l  r equ i rements  
i n  t h e  f u t u r e .  
Only some of t h e s e  c o n s i d e r a t i o n s  a r e  r e f l e c t e d  i n  t h e  h igh  
c a p i t a l  r equ i rements  o f  t h e  s c e n a r i o s .  F igu re  6 compares t h e  
t o t a l  inves tments  i n  t h e  energy system f o r  t h e  Hard and S o f t  
S o l a r  s c e n a r i o s .  I n  t h e  Hard S o l a r  s c e n a r i o  t h e  energy i n v e s t -  
ment s h a r e  i n  GDP i n c r e a s e s  t o  over  5  p e r c e n t  i n  2030 and gradu- 
a l l y  doubles  by 2100. I n  t h e  S o f t  S o l a r  s c e n a r i o  it i n c r e a s e s  
somewhat up t o  2030 and s lowly  reduces  t o  below 3 p e r c e n t  of  GDP 
by 2100. Thus, due t o  t h e  con t inuous  economic growth,  t h e  energy 
inves tment  s h a r e  i n  GDP even i n  t h e  Hard S o l a r  s c e n a r i o  appears  
no t  t o  be  t o o  c r i t i c a l ,  a l t hough  i n  a b s o l u t e  t e r m s  t h e  energy 
inves tment  requ i rements  i n c r e a s e  by a  f a c t o r  13 i n  t h e  Hard 
S o l a r  s c e n a r i o  and by a  f a c t o r  5  i n  t h e  S o f t  S o l a r  s c e n a r i o .  
These t o t a l  i nves tmen t s  i n  t h e  energy s e c t o r  a r e  based on t h e  
c a p i t a l  r equ i rements  o f  a l l  t e c h n o l o g i e s  employed i n  t h e  sce-  
n a r i o s  and d i f f e r e n t i a l  c o s t  changes t h a t  were d e s c r i b e d .  Like 
a l l  o t h e r  c o s t  assumpt ions  i n  t h e  s c e n a r i o s ,  t h e y  a r e  based a t  
1975 p r i c e  l e v e l s  and exchange r a t e s  i n  U.S. d o l l a r s .  
I n  g e n e r a l  it should  be observed t h a t  t h e  c a p i t a l  r e q u i r e -  
ments of energy supply  and use  i n  t h e  two s c e n a r i o s  do no t  
correspond d i r e c t l y  t o  c u r r e n t  account ing  p r a c t i c e s .  Due t o  
t h e  i n c r e a s e d  complexi ty  of  energy end u s e  and s t r o n g  u s e r  
o r i e n t a t i o n  i n  t h e  S o f t  S o l a r  s c e n a r i o ,  t h e  energy systems i n -  
c lude  a l l  end u s e  d e v i c e s  and t e c h n o l o g i e s  and t h e r e f o r e  a l s o  
t h e i r  c o s t s .  To i g n o r e  t h i s  p a r t  of  t h e  energy sys tem would 
be  t o  i g n o r e  t h e  l a r g e r  p a r t  of  t h e  energy supp ly ,  and t h e  S o f t  
S o l a r  s c e n a r i o  e s p e c i a l l y  would t h e n  appear  t o  be mi s l ead ing ly  
inexpens ive  w i thou t  i t s  l a r g e  s h a r e  of u s e r - o r i e n t e d  t e c h n o l o g i e s .  
I n  both  s c e n a r i o s  energy t r a n s p o r t a t i o n  and d i s t r i b u t i o n  
c a p i t a l  r equ i rements  a r e  compara t ive ly  low and t h e i r  r e l a t i v e  
s h a r e s  dec rea se  a s  energy convers ion  and end use  become more 
complex du r ing  t h e  nex t  c e n t u r y .  I t  should  be observed t h a t  i n  
t h e  Hard S o l a r  s c e n a r i o  t h e  c e n t r a l  convers ion  c a p i t a l  r e q u i r e -  
ments i n c r e a s e  p r o p o r t i o n a l l y  more t h a n  t h o s e  of end u se .  I n  
t h e  S o f t  S o l a r  s c e n a r i o  t h e  o n - s i t e  energy t e c h n o l o g i e s  become 
t h e  most c a p i t a l  i n t e n s i v e  p a r t  o f  t h e  energy sys tem account ing  
Figure  6 .  C a p i t a l  r equ i rements  a s  s h a r e  of G D P ,  Hard and 
S o f t  S o l a r  s c e n a r i o s .  
f o r  a lmost  one h a l f  of  a l l  c a p i t a l  r equ i rements .  Thus t h e  s t r u c -  
t u r e  of c a p i t a l  needs of t h e  energy s e c t o r  shows a d i f f e r e n t  
e v o l u t i o n  i n  t h e  two s c e n a r i o s .  I n  a d d i t i o n ,  t h e  t o t a l  c a p i t a l  
needs of t h e  Hard S o l a r  s c e n a r i o  a r e  t h r e e  t i m e s  l a r g e r  t h a n  
t h o s e  of  t h e  S o f t  S o l a r .  However, i n  t h e  Hard S o l a r  s c e n a r i o  t h e  
c a p i t a l  r equ i rements  i n c l u d e  n o t  on ly  domest ic  inves tment  b u t  
a l s o  t h e  c a p i t a l  needs of s o l a r  g e n e r a t i o n  of  hydrogen i n  t h e  
Sahara .  Presumably such f a c i l i t i e s  would a l s o  be b u i l t  by 
Western European companies, s o  t h a t  t h e  adve r se  e f f e c t s  of 
f o r e i g n  inves tments  cou ld  be l i m i t e d  t o  purchases  of raw mate- 
r i a l s  abroad and employment of f o r e i g n  u n s k i l l e d  l a b o r .  These 
i s s u e s  a r e  ve ry  d i f f i c u l t  and resemble  somewhat t h o s e  invo lved  
today i n  t h e  d e c i s i o n  t o  f i n a n c e  t h e  development of  n a t u r a l  gas  
p i p e l i n e s  i n  t h e  S o v i e t  Union i n  exchange f o r  longer- term n a t u r a l  
gas  d e l i v e r i e s .  The d i f f e r e n c e  i s  n o t  i n  t h e  n a t u r e  of t h e  asso-  
c i a t e d  problems b u t  on ly  i n  o r d e r s  of magnitude a s s o c i a t e d  w i th  
a European v e n t u r e  of  s o l a r  power development i n  North A f r i c a .  
The h i g h e r  c a p i t a l  r equ i rements  f o r  end u s e  and o n - s i t e  
t e chno log i e s  i l l u s t r a t e  t h a t  both  energy c o n s e r v a t i o n  and u s e r  
o r i e n t a t i o n  cou ld  r e l i e v e  many of t h e  t r a d i t i o n a l  energy s u p p l i e s  
from c e n t r a l i z e d  energy sys tems.  Thus h i g h e r  inves tments  can 
h e l p  t o  reduce t h e  i n c r e a s e  of t h e  t o t a l  energy b i l l  by reduc ing  
energy demand and i n c r e a s i n g  t h e  amount of  energy gene ra t ed  
l o c a l l y .  However, t h e r e  i s  an a d d i t i o n a l  f a c t o r  impl ied  by t h e  
s c e n a r i o s  t h a t  i s  n o t  e x p l i c i t l y  r e f l e c t e d  i n  t h e  c a p i t a l  needs:  
namely, t h e  i n d i r e c t  c a p i t a l  needs t h a t  would r e s u l t  from l i f e -  
s t y l e  changes and i n f r a s t r u c t u r a l  changes .  
However, t h e s e  s t r u c t u r a l  changes a r e  s o  numerous i n  t h e  
s c e n a r i o s  t h a t  t h e y  cannot  a l l  be accounted f o r  i n  monetary 
t e r m s .  Thi s  is  e x a c t l y  t h e  r ea son  why t h e  energy demand model 
MEDEE-2 was used t o  account  d i f f e r e n t  energy needs i n  p h y s i c a l  
t e r m s  f o r  t h e  p r o j e c t e d  GDP l e v e l s .  I n  o t h e r  words, w e  have 
assumed t h a t  con t inuous  economic growth would l e a d  t o  a sub- 
s t i t u t i o n  of c a p i t a l  f o r  energy throughout  t h e  economy and n o t  
on ly  i n  t h e  energy s e c t o r  i t s e l f .  Although reduced economic 
growth would a l s o  l e a d  t o  reduced energy needs and s t r u c t u r a l  
changes i n  t h e  economy, t h e  r e d u c t i o n  would be o f  a  d i f f e r e n t  
n a t u r e .  I t  would imply a change i n  l i f e - s t y l e s  based on c u r t a i l -  
ments r a t h e r  t h a n  on s u b s t i t u t i o n  between f a c t o r s .  I n  summary, 
d i r e c t  inves tment  needs of  t h e  energy s e c t o r  would d e f i n i t e l y  
i n c r e a s e  over  t h e  n e x t  100 y e a r s  i n  Western Europe, and t h e i r  
r e l a t i v e  s h a r e  i n  GDP would a l s o  i n c r e a s e  d u r i n g  t h e  nex t  50 
y e a r s .  Given t h e  q u i t e  f a v o r a b l e  economic environment o f  t h e  
s c e n a r i o s ,  t h e s e  i n c r e a s e s  would cause  i n c r e a s e s  i n  r e a l  c a p i t a l  
c o s t s ,  b u t  shou ld  n o t  l e a d  t o  insurmountable  problems.  However, 
g iven  t h e  s t a t e  of t h e  a r t  of long-term economic modeling, t h i s  
can be  viewed a s  an  assessment  and n o t  a s  a  d e f i n i t i v e  answer, 
s i n c e  t h e r e  is  no gua ran t ee  t h a t  t h e  assumed economic growth i s  
r e a l i z a b l e .  T h i s  depends on a h o s t  o f  o t h e r  f a c t o r s  n o t  con- 
s i d e r e d  i n  t h e  a n a l y s i s .  
Th i s  r e s u l t  i n d i c a t e s  t h a t  t h e  c e n t r a l i z e d  and d e c e n t r a l i z e d  
s c e n a r i o s  b a s i c a l l y  cannot  be compared w i th  r e s p e c t  t o  r e q u i r e d  
inves tments  o r  energy  c o s t s  s i n c e  each of  them i m p l i e s  an  es- 
s e n t i a l l y  d i f f e r e n t  economic s t r u c t u r e  i n  t h e  f u t u r e  t h a t  i s  
d i f f e r e n t  from t h e  c u r r e n t  one. 
But t h e  a n a l y s i s  of  t h e  energy sys tems i n  t h e  s c e n a r i o s  has  
demonstra ted  t h a t  a  c o n s i s t e n t  energy supply  and demand ba lance  
can be  ach ieved  i n  a s u s t a i n a b l e  energy f u t u r e  o f  Western Europe 
i f  a p p r o p r i a t e  changes i n  l i f e - s t y l e s  and economic s t r u c t u r e  a r e  
c o n s i s t e n t  and p o s s i b l e .  
CONCLUSION 
The s tudy  shows t h a t  a f t e r  a  p e r i o d  of  some 100 y e a r s  v i r t u -  
a l l y  a l l  energy demand c a t e g o r i e s  cou ld  be  s u p p l i e d  on a s u s t a i n -  
a b l e  b a s i s  from s o l a r  and renewable energy s o u r c e s .  Thus it 
would be  t empt ing  t o  conclude t h a t  such a f u t u r e  i s  w i t h i n  ou r  
reach .  But t h e  a n a l y t i c a l  approach cou ld  on ly  d e s i g n a t e  t e c h n i c a l  
and techno-economic s o l u t i o n s  t h a t  i n d i c a t e  how such a t r a n s i t i o n  
cou ld  b e  ach ieved .  Behind t h e s e  s o l u t i o n s ,  however, a r e  t h e  two 
sets of normat ive  assumpt ions  t h a t  s p e c i f y  a p a r a l l e l ,  and w i t h i n  
s c e n a r i o s  neces sa ry ,  e v o l u t i o n  o f  l i f e - s t y l e  p a t t e r n s  and economic 
s t r u c t u r e .  I n  t h e  p r ev ious  s e c t i o n  w e  have a t t empted  t o  show why 
t h e s e  a s p e c t s  o f  t h e  s c e n a r i o s  cannot  be t r e a t e d  t o g e t h e r  w i th  
o t h e r  s c e n a r i o  i m p l i c a t i o n s  w i t h  t h e  same a n a l y t i c a l  approach 
t h a t  was based on p h y s i c a l  ba l ances  and monetary f lows i n  r e a l  
t e r m s .  I n  o t h e r  words, it was p o s s i b l e  t o  de te rmine  what t y p e s  
of  s t r u c t u r a l  changes a r e  neces sa ry  i n  o r d e r  t o  ach i eve  a ba l ance  
w i t h i n  t h e  energy sys tem,  b u t  it is  n o t  p o s s i b l e  t o  a s s e s s  t h e  
q u a n t i t a t i v e  feedbacks  th roughout  t h e  s o c i e t y  i n  t h e  same manner 
a s  w i t h i n  t h e  energy sys tem.  I t  i s  s imply n o t  p o s s i b l e  t o  com- 
pare  d i f f e r e n t  economic s t r u c t u r e s  and consumer h a b i t s  wi th  
c u r r e n t  measures. For t h e s e  reasons t h e  s c e n a r i o s  should no t  
be viewed a s  p r e d i c t i o n s  of a l i k e l y  f u t u r e  f o r  Western Europe. 
The scena r ios  cannot be viewed a s  immediate a l t e r n a t i v e  op t ions  
f o r  Western Europe a s  it e x i s t s  today e i t h e r ,  s i n c e  each sce- 
n a r i o  n e c e s s i t a t e s  complete bu t  d i f f e r e n t  changes of t h e  c u r r e n t  
socioeconomic s t r u c t u r e s .  Rather ,  they r e p r e s e n t  "ya rds t i cks"  
t h a t  d e l i m i t  t h e  range of f e a s i b l e  and c o n s i s t e n t  f u t u r e s  given 
t h e  assumptions.  A choice  between t h e  s c e n a r i o s  would c e r t a i n l y  
no t  depend on p re fe rences  f o r  c e r t a i n  t echno log ie s  b u t  on s o c i a l ,  
c u l t u r a l  a s  w e l l  a s  p o l i t i c a l  p re fe rences .  These changes of 
p re fe rences  would a f f e c t  Western Europe a s  it e x i s t s  today more 
d rama t i ca l ly  than  t h e  a s s o c i a t e d  t echno log ica l  changes of t h e  
energy system, a l though i n  t h e  s c e n a r i o s  both a r e  necessary .  
a 
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